Penetrating neural probe arrays are powerful bio-integrated devices for studying basic neuroscience and applied neurophysiology, underlying neurological disorders, and understanding and regulating animal and human behavior. This paper presents a penetrating microprobe array constructed in thin and flexible fashion, which can be seamlessly integrated with the soft curvy substances. The function of the microprobes is enabled by transfer printed ultra-thin Si optoelectronics. As a proof-of-concept device, microprobe array with Si photodetector arrays are demonstrated and their capability of mapping the photo intensity in space are illustrated. The design strategies of utilizing thin polyimide based microprobes and supporting substrate, and employing the heterogeneously integrated thin optoelectronics are keys to accomplish such a device. The experimental and theoretical investigations illustrate the materials, manufacturing, mechanical and optoelectronic aspects of the device. While this paper primarily focuses on the device platform development, the associated materials, manufacturing technologies, and device design strategy are applicable to more complex and multi-functionalities in penetrating probe array-based neural interfaces and can also find potential utilities in a wide range of bio-integrated systems.
INTRODUCTION
Electronic devices and systems that can be integrated with the body and thus provide diagnostic and therapeutic functions play vital roles in basic medical research and clinical medicine. The increasing interest in investigating basic neuroscience and applied neurophysiology, 1,2 underlying neurological disorders, [3] [4] [5] [6] and understanding and regulating the motor cortex 7, 8 has motivated the development of neural interface devices. 9, 10 Among various devices, a neural probe array [11] [12] [13] [14] [15] that can inject into the brain tissue, record neural activity, and stimulate neurons, represents one of the most important biologically integrated devices and has been successfully developed and extensively used. Owing to its mechanical and electrical properties as well as the wellestablished manufacturing technologies, bulk silicon based probes have been extensively employed. 12, 13, 16 To accomplish the probe array, one typical approach involves first defining the electrical paths of the probes on a Silicon (Si) wafer and then isolating them into individual probes in plane, and finally, assembling them into a three-dimensional (3D) array with a rigid support. [13] [14] [15] 17 The other approach is primarily based on micromachining the Si probes along the thickness direction of a Si wafer to form vertical arrays. 11, 12 Both types of probe arrays have been utilized to demonstrate their abilities in neural recording. However, these probes are all relatively rigid and attached to rigid substrates. Issues, including mechanical mismatch between the rigid probe and soft tissue, imperfect contact and poor conformality with the curved surfaces of brain tissues, would lead to tissue damage during motion, especially for chronic implants and for moving animals or humans. [18] [19] [20] To eliminate these issues, a few literature have reported flexible probes [21] [22] [23] based on biocompatible polymer substrates such as Parylene-C, Polyimide (PI), etc. However, the arrays of the probes are mostly supported by rigid supports that interface with external signal extraction and processing units. 16, 24, 25 Recently, a flexible probe array was realized through fabricating metal electrodes on a relatively thick flexible polyimide substrate on a handling Si wafer, folding the probes from in-plane to out-of-plane to form an array, and removing the Si wafer by selective dry etching. 22 Such a device involved costly fabrication yet had limited functionality, i.e. mostly electrical potential recording. To solve the challenges in mechanical mismatch from relatively rigid probes, poor conformality to soft and curved surfaces from rigid array support, and to enrich multi-parametric sensing and stimulating functionalities from passive electrodes, a novel device scheme from a full set of device design and fabrication technologies is therefore proposed.
Here we present a 3D penetrating microprobe array in a thin and flexible format, which can attach and conform to curved surfaces and whose function is enabled by transfer printed ultrathin Si optoelectronics. The thin penetrating microprobes are supported by an ultra-thin PI substrate which renders the ability of conformal attachment to the curved brain. As a proof-of-concept device, a microprobe array with Si photodetector arrays distributed spatially is demonstrated and its capability of mapping the photo intensity in space is illustrated. While the content of this paper primarily focuses on the platform development, the associated materials, manufacturing technologies and device design strategy are applicable to more complex and multifunctionalities in penetrating probe arrays for future advanced neural interfaces, such as high density probes for optogenetic applications. Figure 1a illustrates the schematic architecture of the 3D penetrating microprobe array (4 × 4) with transfer printed ultrathin Si optoelectronics. The array is supported on a 6 µm thick PI layer with the electrical routines to contact pads that can be bonded with an anisotropic conductive film (ACF) cable to be interfaced with external printed circuit boards for signal extraction. The overlaid structure of each microprobe includes a supporting layer (2 µm) of PI, single crystal Si (1.25 µm) based photodetector, Au electrode (70 nm), PI insulating layer (2 µm), Fe (400 nm), and PI encapsulation layer (2 µm) (inset of Fig. 1a) . Each microprobe includes two Si photodetectors, defined by selective doping to enable desired optoelectronic performance based on standard microfabrication processes. 26 The fabricated penetrating microprobe array is shown in Fig. 1b , c. Figure 1d shows an optical microscopic image of a single microprobe. The major fabrication processes of the microprobe array involved transferring ultra-thin Si photodetectors pre-fabricated on a silicon-on-insulator (SOI) wafer, printing them onto thin PI substrate, followed by deposition and patterning of subsequent layers through planar microfabrication, bending the probes vertically through magnetic actuation and finally fixing the probes by epoxy solidification. Figure 2a presents the schematic fabrication process of the microprobe array upon accomplishing the Si photodetector on the SOI wafer. The schematic fabrication processes of the Si photodetector on a SOI wafer are illustrated in Supplementary Fig. 1 and the detailed fabrication processes are described in the Methods section. Figure 2b shows images of the Si photodetector (left) on the SOI wafer, on a polydimethylsiloxane (PDMS) stamp (middle) after retrieving, and on PI substrate (right) after transfer printing. The fabricated photodetector array was transfer printed onto a thin PI layer coated on a temporary supporting glass slide, using a PDMS stamp. Thereafter, Au contact electrodes and interconnects were formed by electron beam evaporation and patterning based on wet chemical etching. An insulating layer of PI was deposited onto the device by spin coating. For magnet actuation, a thin layer of Fe was chosen due to its ferromagnetism with positive and large magnetic susceptibility (χ m,Fe = 200,000), 27 which has large permanent magnetizations without an externally applied magnetic field. 28 The Fe layer was formed by electron beam evaporation and lift off process, followed by PI encapsulation. The microprobes were then isolated from the PI substrate by etching through the PI to only leave a hinge near the end using Oxygen plasma dry etching. It is noted that the layers of Si and metals are fully encapsulated. The optical image of a single microprobe after insulation is shown in Fig. 2c . Wet chemical sacrificial releasing of the microprobes from the glass substrate was performed based on buffered oxide etchant (BOE, 6:1) etching. Small droplets of liquid epoxy SU-8 (2010, Microchem) were placed on the hinge of each microprobe by a micro-positioner. Using a bulk neodymium magnet (K&J Magnetics, Inc. N52), an external magnetic field (maximum 0.767 T at edge) was applied to bend the microprobes vertically. The SU-8 drops were solidified by ultraviolet (UV, 365 nm) light and baked to fix the position of the microprobes. Figure 2d presents the completed 3D penetrating microprobe array. Analytical calculations were also performed to verify the actuation experiment. To ensure successful actuation, the torque induced by the magnet needs to overcome the internal torque of the hinge. 29 Since the length of the Fe is much larger than its thickness, the induced torque T mag can be written as
RESULTS
where L Fe , T Fe , and W Fe are the length, thickness and width of the Fe respectively, I is the magnetization of Fe, H ext is the external magnetic field (as shown in Supplementary Fig. 2 ), and θ is the bending angle. To let the magnet induced torque equal to the internal torque, one can get
where L h , T h , W h , and E h are the length, thickness, width, and Young's modulus of the PI hinge, respectively. Therefore the relationship between the bending angle and the applied magnetic field can be built into the following equation:
The details of the calculations are presented in Supplementary Information. Supplementary Fig. 3 plots the theoretical magnetic field depending on bending angle. Based on the calculations above, magnetic field of 0.644 T is required to achieve a bending angle of 70°. The sequential optical images of the bending microprobe are illustrated in Supplementary Fig 4. The photodetector employs two n-p Si diodes configured in back to back (n-p-p-n) fashion. Figure 3a shows an optical microscopic image of the Si photodetectors along the probe. The dimensions of Si membrane and doping area are 270 μm × 1.85 mm and 110 μm × 360 μm, respectively. The distance between the two photodetectors is 700 μm. The photocurrent depending on applied bias at different levels of light intensity is shown in Fig. 3b . The photocurrent of the device under illumination at a light intensity of 5430 lx is 5.583 × 10 −7 A, and the dark current is 4.907 × 10 -10 A at 3 V bias. The calculated current ratio ΔI/I 0 , i.e. the ratio between the current change ΔI from dark (I 0 ) to illumination (I illumination ) conditions and the dark current, is 1136 at 3 V bias. 30, 31 Figure 3c plots the calibration curve including current change as a function of light intensity, in which a typical linear trend was obtained. The dynamic photo response of the device was characterized and shown in Fig. 3d . The current was measured at a bias of 3 V with the light repetitively ON and OFF.
Since the microprobes are so thin and easily deformed (Fig. 3e) , the performance of the optoelectronics upon mechanical bending have been investigated to ensure its fidelity of light intensity sensing. The devices were characterized when bent along a longitudinal direction at various bending radii as shown in Fig. 3f . The current under illumination and in dark at a bias of 3 V is shown Fig. 3g . The dark current and photocurrent under illumination have a negligible decrease at relativly large bending radii (e.g. >8 mm), yet decrease up to 7.9% once the bending radius is down to 1.3 mm. Although the photocurrent and dark current slightly decreased as a result of bending, the ratio between them remained invariant, as shown in blue line on Fig. 3g . Analytical studies based on a simplified multilayered beam model were performed to extract the mechanical strain in the Si. A multiple layered composite structure is modeled, as shown in Supplementary Fig. 5 . The detailed analysis is described in supporting information. The calculated strain of the Si (along the top, middle, and bottom planes) is plotted in Supplementary  Fig. 6 . At a bending radius of 1 mm, the strain along the middle plane is about 0.05% and the maximum tensile strain is about 0.11%. The results indicate that no mechanical fracture in the brittle Si would occur since the bending induced strain is far less than the fracture limit (1%) of Si. Together with its mechanical reliability, the stable current ratio under bending conditions suggests that the optoelectronic microprobes is feasible to capture the photo intensity even though they are deformed after future insertion.
Because the holding PI substrate is very thin, the array can be easily bent and forms conformal contact with curvilinear surfaces. 20 Figure 4a , b show images of the 3D penetrating microprobe array on curvilinear concave and convex surfaces, respectively. To illustrate the potential ability of penetrating into brain tissue, the 3D microprobe array was inserted into a human brain model that was made by solidified gelatin mimicking the soft tissue. It is noted that the Si improves the rigidity of the microprobes to faciliate the success of insertion. The stiffness of the microprobes can be tuned by changing the designs, e.g. the thickness of the transfer printed Si, or PI. Supplementary Table 1 shows a comparison of mechanical properties with other reported works depending on structure and materials. Supplementary Fig. 7 shows the sequential optical images of a microprobe that was successfully inserted into a piece of gelatin. As shown in Fig. 4c , the device attaches to the wrinkled surface of the brain model and conforms with the curvatures (radius of R convex~6 .1 mm and R concave~1 .7 mm) while the microprobes are inserted within the gelatin brain model. All these experimental verfications suggest that the 3D penetrating microprobe array can form intimate contact and create seamless integration with the soft curvy surfaces, which is a highly favorable feature for neural interface devices.
The feasibility of mapping the light intensity within the soft substances spatially was also verified, which has relevance in Fig. 5a , where the microprobes were inserted in gelatin with an optical fiber light source injected nearby. The photodetectors on the microprobes can sense the light intensity at a specific spatial location, as illustrated in Fig. 5b. Figure 5c , d shows the normalized photocurrent maps from the 4 × 4 microprobes near and far from the tips, which is consistent with our expectations. The normalized current responses over time (dark → illumination → dark) for each photodetector are shown in Supplementary Figs. 8 and 9 . Based on the measured photocurrent, light intensity can be as shown in Fig. 5e , f. The results indicate that the optoelectronic microprobe array can effectively measure the photocurrent, and thus map light intensity in spatial distribution.
DISCUSSION
In summary, the 3D optoelectronic penetrating microprobes array presented in this study overcomes the existing challenges in mechanical mismatch and features seamless integration with the soft curvy surfaces. Instead of using bulk and rigid Si to provide multi-functionality, the transfer printed ultra-thin Si optoelectronics on the thin microprobes suggests a viable avenue to achieve those capabilities while bypassing the mechanical mismatch issue. The presented photo intensity mapping capability serves as an example of the enabled functionality from the ultra-thin Si electronics. The experimental and theoretical investigations illustrate the key materials, manufacturing, and mechanical aspects. The design strategies of utilizing thin PI based microprobes and the supporting substrate, and the transfer printed optoelectronics is a key. The magnetic actuation of the probes from a planar to a 3D vertical array proves to be effective in such a thin device. By taking the advantage of the recent advances in heterogeneous integration, [32] [33] [34] [35] [36] this type of penetrating microprobe array could be equipped with other functionalities such as sensors, actuators, light sources, not just limited to Si electronics, for penetrating probe array based neural interfaces with more complex and multi-functionalities, and can also find potential and broad utilities in a wide range of bio-integrated applications, such as optogenetics, deep brain stimulation, cortex mapping, etc.
METHODS

Fabrication of Si photodetectors
The Si photodetector is fabricated using an SOI wafer with a 1.25 μm thick top silicon layer, where the procedure have been reported elsewhere. 37 The fabrication of devices began with forming 300 nm thick SiO 2 doping mask prepared by spin-on-glass (700B, Filmtronics) coating, photolithography, and wet etching using BOE (1:6). To implement selective doping, phosphorous based spin-on-dopant (P510, Filmtronics) was used for the doping process at 950°C to form two back to back n-p-p-n diodes by taking advantage of the slightly doped (resistivity: 11.5 Ω cm) p-type Si. The top Si was patterned into a needle shape array with two photodetectors by reactive ion etching (RIE) based on sulfur hexafluoride (SF 6 ) gas. After removing the exposed SiO 2 in BOE, photoresist anchors were formed by photolithography to prevent the floating away of thin Si array after fully undercut etching of SiO 2 . The photodetector array was then fully immersed in concentrated hydrofluoric acid (HF, 49%) to remove the underneath SiO 2 , thus, separating the Si array from the thick Si wafer.
Transfer printing of Si photodetector array onto PI The array of devices was retrieved by using a 8 mm thick PDMS (Sylargd 184) stamp. Thereafter, polyimide (PI) precursor solution (PI-2545, HD Micro Systems) was coated on a cleaned temporary glass substrate and the Si array on the PDMS stamp was then printed onto the half cured PI, followed by curing at 250°C for 1 h.
Penetrating microprobe array fabrication
After transfer printing the Si array onto the PI, Au interconnects were formed by electron beam evaporation and patterning using conventional photolithography and a wet etching process using gold etchant (Type TFA, Transene Co. Inc). Thereafter, a thin insulating PI was spin coated on top of the devices and cured at 250°C for 1 h. Then a 400 nm thick Fe layer was deposited by electron beam evaporation and patterned based on a lift-off process. A third layer of PI as encapsulation was spin coated and cured, followed by patterning by reactive ion etching (RIE, O 2 , 40 sccm, 150 mTorr, 250 W, 25 min) with a SiO 2 mask. The thin device was then separated from the glass substrate using buffer oxide etchant (BOE, 6:1). Small droplets of epoxy SU-8 (SU-8 2010, MicroChem) were placed on the designed hinges and baked at 95°C to remove the solvent. To actuate the microprobes microneedle, a neodymium magnet (K&J Magnetics, Inc. N52, 50.6 mm × 50.6 mm × 12.5 mm) was applied to the needles. The vertically standing array was accomplished by solidifying the SU-8 under ultraviolet light exposure (UV75 Light, THORLABS) while under magnetic actuation. The structural configurations of the 3D microprobe array was fixed even after removing the magnet.
Gelatin human brain model preparation
The gelatin brain model was prepared by mixing and dissolving gelatin powder (3.5 wt%, Knox®) within blue-dyed DI water at 90°C, followed by replica molding of an Ecoflex based human brain model after solidifying the solution.
Device characterization
The electrical characteristics of fabricated Si photodetectors were characterized using a Keithley 4200-SCS parameter analyzer. The injected light was based on a 0.2 mm diameter optical fiber (ThorLabs) that is equipped with a visible light source (LS-1, Ocean Optics).
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